Background: Dysregulation of mechanosensitive gene regulatory pathways is associated with muscular dystrophies. Results: Genome-wide microRNA analyses revealed dysregulation of pathways controlled by let-7e-5p and miR-98 -5p in dystrophic muscle. Conclusion: Impaired mechanomiR-controlled pathways may contribute to muscular dystrophies. Significance: MechanomiR-dependent pathways regulating extracellular matrix proteins and myogenesis are potential therapeutic targets for ameliorating muscle fibrosis and regeneration.
Skeletal muscle is a highly plastic tissue that has the ability to adapt to physiological and non-physiological conditions in response to mechanical stress. Unfortunately, this plasticity is completely absent in muscular dystrophies (MDs), 3 a heterogeneous group of genetic and neuromuscular disorders. MD causes severe loss of motor ability, skeletal muscle mass, strength, and function, mostly due to the loss of function of structural proteins such as dystrophin (Becker and Duchenne MDs) (1, 2) or due to the mutation of cytoskeletal genes such as titin (tibial distal MD and limb girdle MD) (3) .
Mechanotransduction is a ubiquitous biophysical process by which cells sense their physical environment by translating physical forces and deformations into biochemical signals such as changes in intracellular calcium concentration and/or the activation of diverse signaling pathways (4 -7) . Such signaling pathways are essential for a wide range of cellular functions such as apoptosis, proliferation, differentiation, and migration, which are vital for organ development and cellular homeostasis. Defects in mechanotransduction are implicated in the development of many diseases, ranging from MDs, cardiomyopathies, and loss of hearing to cancer progression and metastasis (8) . In Duchenne MD (DMD), the most common form of MD in children whose life expectancy extends only to the teens or early 20s, mutations in the dystrophin gene disrupt the force transmission between the cytoskeleton and the extracellular matrix (ECM) proteins resulting in progressive muscle degeneration (9) . We have shown previously that disruption of cytoskeleton-ECM coupling due to loss of dystrophin causes aberrant activation of the MAPK extracellular signal-regulated kinase 1/2 (ERK1/2) signaling and increased expression of the inflammatory cytokines interleukin-1␤ and tumor necrosis factor-␣ in response to mechanical stretch in diaphragm muscle from mdx mouse, an animal model of DMD (5, 10) . Furthermore, loss of dystrophin in the mdx mouse causes mechanical stress-induced rupture of the plasma membrane, which allows influx of extracellular calcium. This leads to abnormal muscle contraction and physical damage of the cytoskeleton, subsequently resulting in the loss of muscle cells (11) . In addition to dystrophin, other cytoskeletal proteins also play a major role in mechanotransduction. For example, we have shown previously that loss of desmin in the desmin null mouse or mutation of the titin gene in mdm mouse (MD with myositis), an animal model of human tibial MD (titinopathy), causes disturbed cellular mechanics, including reduced force generation and altered (passive) cytoskeletal stiffness, which can decrease the relaxation dynamics of myocytes in the diaphragm (12, 13) . Alteration in the mechanotransduction pathways in the mdm mouse, caused by a small in-frame deletion within the titin gene, results in an induction of aberrant signaling pathways (7) and impaired myogenic differentiation (14) . Other studies from our laboratory have shown that the ␣7-integrin and sarcoglycan complex serve important mechanical functions in the diaphragm by contributing to passive compliance, viscoelasticity, and modulation of its muscle contractile properties (15, 16) . Overall, these studies suggest the roles of cytoskeletal proteins in force transmission and mechanotransduction and their implication in MDs. Therefore, investigating the relative contributions of mechanotransduction to muscular dysfunction may have important clinical implications, because defects in mechanotransduction pathways could potentially be attenuated with genetic and/or pharmacological reagents. However, information on the genome-wide mechanosensitive gene regulatory networks is essentially lacking. Identification of changes in the global gene-regulatory network in response to normal and defective mechanotransduction could potentially lead to new paths to therapeutic approaches to MDs.
MicroRNAs (miRNAs) are the most abundant and well studied small noncoding RNAs, which act as "master switches" of the genome to regulate the expression of diverse proteins and orchestrate multiple cellular pathways (17) . Changes in miRNA expression profiles are often associated with skeletal muscle diseases including MDs (Refs. 18 -20 and references therein). Therefore miRNAs are not only used as diagnostic and prognostic markers, but they also may reveal deep insights into disease pathology. Several miRNAs are ubiquitously expressed, whereas some are tissue-specific and others are enriched in specific tissues. For example, miR-1, miR-133a, miR-133b, miR-206, miR-208, miR-208b, miR-486, and miR-499 are skeletal muscle-enriched miRNAs. These specific miRNAs play crucial roles in skeletal muscle functions in health and disease, and therefore they are called myomiRs (18, 21, 22) . Using microarray technology, we pioneered the discovery of several mechanosensitive microRNAs (hereafter, we use the term mechanomiRs) in human airway smooth muscle cell. For example, we uncovered a novel mechanosensing role of miR-26a in regulating an airway smooth muscle phenotype (23) . Subsequently, others have identified and demonstrated the role of individual mechanomiR in the pathogenicity of human diseases (24 -31). Interestingly, we have shown previously that loss of desmin protein in mice alters the miRNA expression profile and induces airway smooth muscle cell hypertrophy as a consequence of miR-26a up-regulation (32), suggesting a potential key role for the cytoskeletal protein in regulating miRNAs. It is important to note however that information on the genomewide expression profile of mechanomiRs and their target gene regulatory networks associated with human diseases, including MDs, is completely lacking.
Force transmission in skeletal muscles varies greatly with muscle fiber architecture (33) . Whereas the in vivo skeletal muscles of either the hindlimb or forelimb are essentially mechanically loaded along the direction of the muscle fiber, the diaphragm muscle is mechanically loaded with trans-diaphragmatic pressure. Therefore, the diaphragm muscles are subjected to mechanical forces not only in the direction of the muscle fibers but also in a direction transverse to the fibers (33) . The diaphragm, in particular, is the principal pressure-generating skeletal muscle that drives ventilation. Alteration of its mechanical properties could contribute to compromised respiratory muscle function. It is therefore important to determine how mechanotransduction is executed in the diaphragm muscle fibers in response to longitudinal and transverse directional forces. In agreement with this, we have shown previously the activation of two distinct signaling pathways, which are dependent on the direction of applied mechanical stretch in mouse diaphragm (4, 7) . In particular, stretching the diaphragm along the muscle fibers up-regulates Ankrd2 gene expression via the Akt/NF-B pathway, whereas stretching of the diaphragm transverse to the muscle fibers up-regulates the same gene, Aknrd2, via the Ras/Raf-1/ERK-1/2/AP-1 pathway, strongly suggesting anisotropic regulation of gene expression in the diaphragm (7) . Therefore, it was important to uncover potential genome-wide anisotropically regulated mechanomiRs and their target gene regulatory networks in the diaphragm muscle in response to directional mechanical stretches. To explore this, in the present study, we used mdm mice and their WT littermates. Mdm is an early-onset autosomal recessive disease caused by a complex rearrangement mutation in the mouse titin gene that leads to an in-frame 83-amino acid deletion in the N2A region of titin (34) . The physiological importance of the titin N2A region is underscored by the severe disease it causes in the mdm mouse. It is important to recognize that the mdm mouse model exhibits a clinical phenotype similar to that of DMD. In particular, the mdm mouse has an early-onset, rapidly progressing, muscle-wasting disease that ends in premature death, likely due to respiratory insufficiency. In addition, the m-line and N2A titin mutations abolish one of many putative binding sites for calpain-3, a muscle-specific protease, and the loss of calpain-3 is linked to limb girdle MD 2A (35) . Histopathology of the tibial muscle in human MD has been reported to be similar to that in skeletal muscles of the mdm mouse (3). Therefore, there is a strong rationale to utilize mdm mice to study the molecular mechanisms that cause the progression and severity of MDs in human.
In the present study, using miRNA microarray followed by bioinformatics analyses, we identified differentially regulated mechanomiRs and their predicted target genes and associated biological pathways. We found that mechanomiRs from the let-7 family members, especially let-7e-5p and miR-98 -5p, were highly dysregulated in the diaphragm of the mdm mouse. Using an in vitro validation method, we identified Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 as target genes of let-7e-5p. Furthermore, we identified a role for miR-98 -5p as a negative regulator of myoblast differentiation. We also found stretch-induced up-regulation of the TGF-␤1 signaling pathway in diaphragm muscle from the mdm mouse. Finally, we were able to revoke the stretch-induced upregulation of ECM proteins by restoring let-7e-5p and the stretch-induced inhibition of myoblast differentiation by reinstating miR-98 -5p in primary myoblasts. Overall, we uncovered a role for mechanomiR in skeletal muscle function and propose that dysregulation of mechanomiRs may be associated with the development of human skeletal muscle diseases including MD.
Experimental Procedures
Mice and ex Vivo Mechanical Loading of Diaphragms-The C57BL/6JWT and B6.B6C3Fe-Ttnmdm J/Cx strain mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the approved animal protocols of the Institutional Animal Care and Use Committee of Baylor College of Medicine. In all experiments, we used diaphragms from 2-week-old mdm mice and their WT littermates. Each experiment was repeated at least three times in three different mice. Tissue preparation and ex vivo stretch were performed as described earlier (4, 7, 13) . Briefly, mechanical stretch was applied to the entire costal muscles of the left hemidiaphragm (the right hemidiaphragm muscle was treated as an unstretched control with an environment similar to that of the left hemidiaphragm) by passively stretching the muscle in the longitudinal or transverse direction to the muscle fibers with a passive tension of ϳ0.4 newton/cm. This application was equivalent to a passive stress of ϳ11 newtons/ cm 2 . A mechanical stretch of nearly 50% from the unstressed state was achieved in the normal diaphragm muscle. It is important to recognize that the unstressed length or the length of the excised muscle is the shortest muscle length and is equivalent to diaphragm muscle length at a lung volume of total lung capacity. The optimal length is about 125% of this unstressed length. Therefore, our stretch of 50% placed the diaphragm at a length equivalent to 120% of optimal muscle length. In each of these two stretch protocols, the diaphragm muscle was held in the stretched state for 15 min and then immediately processed for RNA or cell lysate extraction.
MicroRNA Microarray Analysis-Total RNA samples were isolated from unstretched or stretched hemidiaphragms by TRIzol reagent according to the manufacturer's protocol (Invitrogen). Ten micrograms of total RNA was size-fractionated with a YM-100 Microcon centrifugal filter (Millipore, Billerica, MA) and then used for miRNA expression analysis with a miRNA microarray using their proprietary ParaFlo microfluidic chip containing 700 mouse standard mature miRNA probes (Sanger miRBase 14.0). The fold difference values of altered mechanomiRs were converted into log 2 scale.
Gene Functional Analysis-To identify the predicted-biological pathways regulated by mechanomiRs (Ն2.0-fold), we used the DIANA miRPath v2.0 Web-based computational tool with a threshold p value of 0.05 and a MicroT threshold value of 0.8 (36) . MechanomiRs and their predicted targets were identified using the miRWalk Web-based computational tool, which provides miRNA targets from at least eight established miRNA prediction programs (37) .
Real-time PCR Expression Analysis-For miRNA expression analysis, we used a TaqMan advanced miRNA cDNA synthesis kit and TaqMan advanced miRNA assays to quantify mature miRNAs according to the manufacturer's protocol (Applied Biosystems, Grand Island, NY). mRNA expression levels were quantified by real-time analysis as mentioned earlier (23) . Primer sequences are given in Table 1 . All PCR products were verified on an agarose gel stained with ethidium bromide to discriminate between the correct amplification products and the potential primer dimers.
Solution Hybridization Detection Analysis-The expression levels of mature miRNAs were measured by a solution hybridization detection method using mirVana miRNA and Bright-Star BioDetect kits (Ambion) as described previously (23) .
Immunoblots-Immunoblots were performed as documented earlier (14) . Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, Thbs1, and GAPDH antibodies were purchased from Santa Cruz Biotechnology, Inc., Dallas, TX. TGF- Primary Myoblast Isolation and in Vitro Experiments-Primary myoblasts from the diaphragm muscles of WT and mdm mice were isolated and cultured as described previously (14) .
Transfection-Transfection of myocytes was performed as described previously (38) , except 2.5 g of expression vector bearing mmu-let-7e-5p or mmu-miR-98 -5p precursor, 400 ng of mmu-let-7e-5p or mmu-miR-98 -5p miRCURY LNA knockdown probe (antagomir), or scrambled probe (Exiqon Inc., Woburn, MA) was used.
Statistical Analysis-The results of our experiments are expressed as means Ϯ S.E. Comparisons among different groups were performed by one-way analysis of variance followed by a Bonferroni test. A p value of Ͻ0.05 was considered statistically significant. Each experiment was repeated at least three times in three different mice.
Results

Identification of Genome-wide Anisotropically Regulated
MechanomiRs in Diaphragm from WT Mouse-To identify the genome-wide expression of anisotropically regulated mecha-nomiRs in nondystrophic diaphragm, we performed miRNA microarray analyses using total RNA isolated from either longitudinally stretched or transversely stretched diaphragm from WT mouse. To eradicate false positives and identify miRNAs that had the highest chance of being mechanomiRs, we focused on those miRNAs with potential biological significance (signal OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 intensity levels Ͼ 500) (39). Nearly 7.3% of an array of 700 miR-NAs expressed a signal intensity Ͼ 500. MechanomiRs that were expressed with the highest signal intensity (Ͼ10,000) represented only 1.4% of the 700 analyzed miRNAs. Some of the highly expressed mechanomiRs in diaphragms from WT mice were myomiRs (i.e. miR-1, miR-133a, and miR-206), with miR-1 being the most highly expressed mechanomiR (59,747) followed by miR-206 (43,613) and miR-133a (10, 374) . Non-myomiRs such as miR-26a (20,475) and let-7 family members (Ͼ10,000) also displayed high signal intensities ( Table 2 ). Of the 700 miRNA probes examined in the stretched or unstretched diaphragm muscle, the array uncovered the induction of 51 differentially regulated mechanomiRs (18 mechanomiRs were identified in response to only longitudinal stretch (LS), 15 mechanomiRs were identified in response to only transverse stretch (TS), and 18 mechanomiRs were identified in response to either LS or TS) ( Fig. 1 , A-D, and Table 2 ). Only 29 mecha-nomiRs, however, were differentially expressed at Ͼ1.5-fold (Table 3 and Fig. 1E ) (nine mechanomiRs were identified in response to only LS, 19 mechanomiRs were identified in response to only TS, and a single mechanomiR was identified in response to either LS or TS). Of 29 mechanomiRs, LS and TS differentially regulated 10 (five up-regulated and five downregulated) and 20 (10 up-regulated and 10 down-regulated) mechanomiRs, respectively, based on a p value of 0.01. By comparison, LS and TS altered 2.6 and 2.1% of the mechanomiRs (LS 35.3% and TS 29.4% of 51), respectively, among the total miRNAs in the array (Fig. 2F ). Interestingly, both LS and TS altered 18 mechanomiRs (2.6%, which is 35.3% of 51) either in a similar manner or in an opposite manner ( Table 2 ). For example, whereas LS and TS either up-or down-regulated miR-125a, miR-127, miR-199a, miR-24, miR-26a, miR-26b, miR-379, FIGURE 1. Genome-wide expression profile of mechanomiRs in diaphragm from WT mouse. Total RNA was isolated from either longitudinally or transversely stretched hemidiaphragm from WT mouse and used in miRNA microarray analyses to determine differentially regulated mechanomiRs. A and B, the scatter plot shows log 10 -transformed signal intensities for each probe labeled with Cy3 for unstretched (control) and Cy5 for LS (A) or TS (B) diaphragm. Each dot represents one miRNA probe. C and D, data on the heat map show differentially expressed mechanomiRs in diaphragm in response to LS (C) or TS (D). E, Venn diagram shows up (red)-and down (blue)-regulated mechanomiRs (Ͼ1.5-fold) after corresponding stretch. F, percentage of differentially expressed mechanomiRs to the total number of miRNAs in the array. G, percentage of differentially expressed mechanomiRs based on their genomic location. miR-541, and miR-690, both directional stretches oppositely regulated miR-126, miR-133a, miR-133b, miR-16, miR-206, miR-23a, miR-27a, miR-27b, and miR-382. Of note, some of the differentially regulated mechanomiRs are the previously identified mechanomiRs such as miR-23b, miR-25, miR-30b, miR-126, miR-143, miR-145a, miR-214, and miR-21a in non-skeletal muscle tissues (28) . Taken together, using miRNA array, we identified new sets of mechanomiRs from WT mouse diaphragm; the regulation of some of these mechanomiRs is dependent on the direction of stretch. We also identified a few mechanomiRs that are independent of the direction of applied stretch. With regard to highly regulated mechanomiRs (Ͼ1.5fold), compared with LS, TS induced a higher number of mechanomiRs that are entirely different from the mecha-nomiRs induced by LS (except for miR-382).
Regulation of ECM Proteins and Myogenesis by MechanomiR
Next, we grouped the mechanomiRs based on their genomic locations. We found that 25 (69.4%) and 26 (78.7%) mechanomiRs induced by LS and TS, respectively, were intragenic miRNAs, which are the highest number of mecha-nomiRs in the present study ( Fig. 1G ). On the other hand, 11 (15.9%) and seven (10.1%) mechanomiRs induced by LS and TS, respectively, were intergenic miRNAs, suggesting global regulation of mechanomiRs. However, a small number of mechanomiRs induced by LS (miR-2132 and miR-2142) or TS (miR-2142, miR-1224 and miR-805) were not included due to their prediction as "dead" miRNAs according to miRBase.
In addition, a significant number of mechanomiRs were derived from close genomic loci (Ͻ10 kb), encoded by bi-or polycistronic transcriptional units, which generate multiple miRNAs called miRNA clusters. Interestingly, these miRNA clusters have two different modes of transcription, yet their coordinated regulation during stretch indicated that they shared common regulatory features. In the present study, we found transcription of 40 mechanomiRs as clusters. LS induced the transcription of six clusters, which contained 16 mechanomiRs, whereas TS induced the transcription of 10 clusters, which contained 24 mechanomiRs (Table 4 ). Interestingly, some of the clusters of mechanomiRs were similar for LS and TS, suggesting that these clusters of mecha-nomiRs may have similar and/or coordinated biological functions.
Several differentially regulated mechanomiRs also fell into the same miRNA family. For example, LS and TS induced 17 and 19 mechanomiRs, respectively, which fell into 14 families. Interestingly, whereas LS and TS together induced the miR-26, miR-27, and miR-133 families, mechanomiRs belonging to the miR-10, miR-15, miR-30, and miR-154 families were induced only by LS, and let-7, miR-1, miR-23 and miR-379 were induced only by TS (Table 5 ). Because members within the same miRNA family share 5Ј-seed sequences, which are highly conserved 7-or 8-mer sequences within miRNAs (e.g. let-7 family), the identification of mechanomiRs in the same family may have target specificity and similar and/or coordinated biological functions. These findings suggest that the alteration in the mechanomiR expression profile occurred in a regulated manner. 
Identification of Genome-wide MechanomiRs in Dystrophic
Skeletal Muscle-Although other investigators uncovered a role for miRNAs in MDs in both humans (40 -43) and mice (44 -46) , no studies have been designed specifically to uncover a role for mechanomiRs in MDs. In the current study we determined the pattern of regulation of mechanomiRs in dystrophic skeletal muscle. We utilized diaphragm muscle from mdm mouse and followed the same protocol that we had used to study diaphragm muscle from the WT mouse. As in the WT mouse, the mechanomiRs, expressed at a signal intensity of Ͼ500, were 7.8% of the total miRNAs in the array. Mecha-nomiRs that were expressed at the highest signal intensity (Ͼ10,000) represented a much smaller fraction of the total miRNAs analyzed (1%). Some of the highly expressed mecha-nomiRs in mdm mice were also myomiRs (i.e. miR-1, miR-133a/b, and miR-206), with miR-1 being the most highly expressed miRNA (73,677) followed by miR-206 (29, 603) . Non-myomiRs such as miR-709 (28, 395) and miR-26a (20, 464) were also expressed at high signal intensities ( Table 6 ). Of the 700 miRNA probes examined in the stretched and unstretched diaphragms from mdm mice (Fig. 2, A-D) , the array uncovered the induction of 55 differentially regulated mechanomiRs with signal intensity levels of Ͼ500 (Table 6 ). In particular, we identified 10 mechanomiRs in response to LS only, and seven mecha-nomiRs were identified in response to TS only. In addition, we identified 38 mechanomiRs in response to either LS or TS). Unlike in the WT mouse, LS and TS differentially regulated equal number of mechanomiRs (22 each) at Ͼ1.5-fold (Table  and Fig. 2E ). Of 22 mechanomiRs, LS up-regulated 13 and down-regulated nine mechanomiRs and TS up-and down-regulated 11 mechanomiRs independently based on a p value of 0.01. By comparison, LS and TS altered 1.4 and 1% of the mechanomiRs, respectively, among the total miRNAs in the array, suggesting that both directional stretches altered nearly the same number of mechanomiRs in the mdm mouse diaphragm ( Fig. 2F ). Interestingly, both LS and TS altered 38 mechanomiRs (5.4%, which is 69% of 55) either in a similar manner or in an opposite manner ( Table 6 ). As in the WT mouse, although some mechanomiRs were regulated by a similar pattern by stretch in both directions, a few mechanomiRs were oppositely regulated by LS and TS. Of note, a subset of mechanomiRs identified previously by other investigators (28) (miR-23b-3p, miR-25, miR-30b-5p, miR-126 -3p, miR-143-3p, miR-145a-5p, miR-214, and miR-21a-5p) were also differentially regulated by LS and TS in the mdm mouse diaphragm. Taken together, although the diaphragms from WT and mdm mice differentially regulated a similar number of mechanomiRs (signal intensity Ͼ 500), the mdm mouse diaphragms showed a higher number of mechanomiRs; these were regulated Ͼ1.5-fold and included most of the previously identified mechanomiRs.
Next, we determined the genomic location of the mecha-nomiRs in mdm mouse diaphragm. We identified that 36 mechanomiRs distinctly induced by LS (70%) and TS (65%) were intragenic miRNAs (Fig. 2G ), whereas 12 (23%) and nine (16%) mechanomiRs induced by LS and TS, respec- OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 24993 tively, were intergenic miRNAs ( Fig. 2G ). We also found 21 clusters of mechanomiR that were transcribed by LS and TS together, in which LS induced the transcription of 12 clusters (containing 30 mechanomiRs) and TS induced the transcription of nine clusters (containing 23 mechanomiRs) ( Table 8 ). Furthermore, LS and TS induced 29 and 26 mecha-nomiRs, respectively, which fell into 11 and nine families, respectively. Interestingly, except for the miR-15 family, most of the mechanomiR families were induced by both LS and TS (Table 9 ).
Regulation of ECM Proteins and Myogenesis by MechanomiR
To validate the miRNA microarray data, we measured the expression levels of more than 2.0-fold differentially regulated mechanomiRs by real-time PCR, which confirmed the levels of miR-30e-5p, miR-382-5p, miR-379 -5p, miR-763, let-7e-5p, miR-98 -5p, miR-22-3p, miR-29a-3p, miR-382-5p, miR-26b-5p, miR-125b-5p, and miR-709 mechanomiRs as more than 2.0-fold ( Fig. 3) .
Mechanical Stretch Alters miRNA Synthesis Machinery-To explore the mechanism involved in the regulation of mecha-nomiRs, we investigated the effect of stretch on the expression of key components of the miRNA synthesis machinery. To this end, using real-time PCR we designed primers for selected genes involved in miRNA biogenesis to quantify their expression levels in diaphragms. We found that stretch significantly up-regulated the nuclear protein Drosha, the cytoplasmic protein Dicer1, and the miRNA export protein exportin-5 in diaphragms from WT and mdm mice. In contrast, stretch did not affect the expression of DGCR8 in diaphragm from WT mouse, whereas a similar stretch increased DGCR8 in diaphragm from mdm mouse (Fig. 4A ). Next, we determined the expression of the Argonaute proteins, components of the RNA-induced silencing complex (RISC). Although the mRNA levels of Ago2 and Ago5 were significantly higher in diaphragm from WT mouse, diaphragm from mdm mouse showed an increased level of Ago1, Ago2, Ago3, and Ago5 in response to stretch (Fig. 4B) . Interestingly, the overall levels of expression of components of the miRNA synthesis machinery were significantly higher in diaphragm from mdm mouse than those in diaphragm from WT mouse. These data suggest that the higher number of expression of mechanomiRs in diaphragm from mdm mouse could be due to the enhanced OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 activation of number of specific players of the miRNA synthesis machinery.
Identification of MechanomiR-regulated Predicted Biological Pathways in WT and mdm Mice-To determine the genomewide mechanomiR-regulated predicted biological pathways in diaphragms from WT and mdm mice, we first combined both the LS-and TS-regulated mechanomiRs of WT or mdm mice. As a result, the WT and mdm mice totally regulated 51 and 55 mechanomiRs, respectively, at a signal intensity of Ͼ500 (Fig.  5A ). However, with regard to highly differentially expressed mechanomiRs (Ͼ1.5-fold), WT and mdm mice regulated 29 and 31 mechanomiRs, respectively (Fig. 5B ). As the mecha-nomiR numbers were still higher, we selected Ͼ2.0-fold differentially regulated mechanomiRs from WT and mdm mice for further analysis. As a result, we found that diaphragm muscle from WT mouse differentially regulated five mechanomiRs at Ͼ2.0-fold (three up-regulated and two down-regulated), whereas diaphragm from mdm mouse differentially regulated nine mechanomiRs at Ͼ2.0-fold (three up-regulated and six down-regulated). However, only two mechanomiRs (let-7e and miR-382) were found to be commonly regulated in both WT and mdm mice (Fig. 5C ). To determine the mechanomiR-regulated biological pathways, we used DIANA miRPath v 2.0 software. The threshold p values for the pathway and MicroT were set to 0.05 and 0.8, respectively, and the KEGG pathway in DIANA miRPath identified 41 (Table 10 ) and 74 (Table 11) mechanomiR-regulated biological pathways for WT and mdm mice, respectively. In addition, 28 pathways were common for both WT and mdm mice (Fig. 5D ). Among those pathways, 19 (WT) and 32 (mdm) pathways were associated with skeletal muscle functions. In addition, our data showed only five and 18 skeletal muscle-associated pathways that were unique to WT and mdm mice, respectively, and 14 pathways were common for both WT and mdm mice (Fig. 5D ). According to gene ontology, there are 36 genes are involved in the five pathways in WT mouse (Fig. 5E ), whereas 251 gene are involved in 18 pathways in mdm mouse (Fig. 5F ). Although both WT and mdm mice shared 14 different pathways, the involvement and appearance of genes in each pathway were higher in diaphragm muscle from mdm mouse (Fig. 6, A and B) . For example, the PI3-Akt and MAP kinase signaling pathways involve nearly twice the number of genes in the mdm mouse compared with those in the WT mouse (Fig. 6A ). Next, we determined the let-7e-5p-predicted biological pathways in WT and mdm mice. DIANA miR-Path provided 24 predicted pathways (Table 12) , including 18 skeletal muscle-specific pathways (Fig. 6C) . Interestingly, miR-98 -5p was highly up-regulated in diaphragm muscle from WT mouse, but its mechanosensitivity was lost in diaphragm muscle from mdm mouse, which led us to explore miR-98 -5ppredicted biological pathways. DIANA miRPath provided 26 predicted pathways (Table 13) , among which were 18 pathways that are skeletal muscle-specific ( Fig. 6D ). Finally, we compared the differentially regulated mechanomiRs of mdm diaphragm with the differentially regulated miRNAs of the mdx skeletal muscle. As shown in Fig. 6E , nine differentially regulated miR-NAs in mdx skeletal muscle were mechanomiRs that were identified in both WT and mdm mice. However, most of the mecha-nomiRs identified in the present study were regulated in an opposite manner to that in the skeletal muscles of mdx mice.
Dysregulation of the MechanomiR-let-7e-5p in mdm Mouse
Increases ECM Proteins-Interestingly, let-7e-5p is the only mechanomiR that is highly regulated in an opposite manner between the diaphragms of WT and mdm mice. Therefore, we focused our study on determining whether let-7e-5p is potentially involved in the progression of MD in mdm mouse. Although the DIANA miRPath identified 18 pathways related to skeletal muscle functions, ECM-receptor interaction was ranked first (Table 10 ). Many lines of evidence have shown that the up-regulation of ECM proteins in dystrophic skeletal muscle plays a key role in the development of fibrosis, a hallmark of dystrophic skeletal muscle (47) . In the present study, we found that let-7e-5p was highly down-regulated in diaphragm from mdm mouse. These data are consistent with our hypothesis that fibrosis in the skeletal muscles from the mdm mice is caused, at least in part, by let-7e-5p-mediated up-regulation of ECM proteins. To further test our hypothesis, we first determined whether let-7e-5p transcriptionally or post-transcriptionally suppressed endogenous ECM gene expressions. To do this, we OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 24997 isolated primary myoblasts from WT mouse diaphragm (pMB wt ) and stably transfected them with either a pEGP empty vector or a pEGP-let-7e-5p vector. pMB wt carrying pEGP-let-7e-5p showed nearly a 3-fold overexpression of let-7e-5p ( Fig.  6F) . To determine the expression of ECM genes in pMB wt overexpressing let-7e-5p, we isolated total RNA from pEGP or pEGP-let-7e-5p-transfected pMB wt and used it in a custommade PCR array having 87 genes related to ECM proteins. The array identified that overexpression of let-7e-5p significantly decreased expression of Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 mRNAs by more than 2-fold ( Fig. 7A ), suggesting that let-7e-5p targets at least those nine mRNAs of ECM gene. Second, we examined whether stretch could alter the expression of let-7e-5p and its target ECM genes in vitro. To do this, we stretched pMB wt or pMB mdm as described under "Experimental Procedures." Interestingly, although stretch significantly decreased Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 mRNA levels in pMB wt , a similar stretch increased the mRNA levels of these genes in pMB mdm (Fig. 7B) . Likewise, let-7e-5p expres- sion was also regulated in an opposite manner between pMB wt and pMB mdm (Fig. 7C) . These results provide the first experimental evidence of a negative correlation between let-7e-5p and ECM gene expressions in myocytes from WT and mdm mice. To confirm whether the stretch-induced down-regulation of ECM genes in pMB wt was due to the mechanomiR let-7e-5p, we inhibited let-7e-5p in pMB wt with let-7e-5p antagomir. Although the stretching of pMB wt significantly decreased ECM gene expressions, the transfection of pMB wt with let-7e-5p antagomir abolished the stretch-induced ECM gene expression ( Fig. 8A) . To further confirm that let-7e-5p-regulated ECM gene expressions, we overexpressed let-7e-5p in pMB mdm with a pEGP-let-7e-5p construct. Although stretch up-regulated ECM gene expression in pMB mdm , transfection of the let-7e-5p overexpression construct dramatically decreased the stretch-induced ECM gene expression profile (Fig. 8B) . Finally, we sought to determine the expression of let-7e-5p targeting ECM proteins in WT and mdm mouse diaphragms. As expected, whereas stretch down-regulated the ECM proteins Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 in diaphragm muscle from WT mouse, similar stretch up-regulated those ECM protein from mdm mouse. Overall, these data confirmed that mechanomiR let-7e-5p is accountable for the up-regulation of ECM proteins in the diaphragm muscle from mdm mouse.
Regulation of ECM Proteins and Myogenesis by MechanomiR
Diaphragm from mdm Mouse Displays Up-regulation of TGF-␤1 Pathway-Studies have shown an increased expression of TGF-␤1 gene in skeletal muscles from mdx mice (48 -50) and DMD patients (51) . Other investigators have demonstrated that activated TGF-␤ signaling in dystrophic muscles in DMD patients is associated with impaired muscle regeneration and increased fibrosis (51, 52) . However, the regulation of TGF-␤1 signaling in skeletal muscles from mdm mice is unknown. In the current study, we determined whether stretch could alter the expression of TGF-␤1 in diaphragm muscle. As shown in Fig. 9 , although stretch reduced TGF-␤1 levels in diaphragm muscle from WT mouse (Fig. 9A) , similar stretch enhanced TGF-␤1 levels in diaphragm muscle from mdm mouse (Fig. 9B) . It is well documented that TGF-␤1-induced gene transcription is mediated by intracellular substrates known as SMADs (53) . Therefore, we sought to determine the expressions of SMAD2 and SMAD3 proteins in response to stretch. Stretching of the diaphragm decreased the phosphorylation of SMAD2/SMAD3 proteins in WT mouse (Fig. 9C) . In contrast, stretch elevated the phosphorylation of SMAD2 and SMAD3 proteins in diaphragm muscle from mdm mouse ( Fig.   9B ), suggesting an opposite regulation of TGF-␤1 and activation of SMAD proteins between WT and mdm mice.
MechanomiR-98 Negatively Regulates Myoblast Differentiation-We have shown previously that mechanical stretch inhibits differentiation of C2C12 myoblasts (6) . To determine whether let-7e-5p and/or miR-98 -5p may play a role in controlling the stretch-induced inhibition of myoblast differentiation, we transfected pMB wt with let-7e-5p and/or miR-98 -5p antagomirs and cultured them in differentiation medium with stretch for 1 h every 24 h for 5 days. First, we determined whether each antagomir effectively inhibited the respective endogenous mechanomiR. As shown in Fig. 10A , transfection of pMB wt with let-7e-5p and miR-98 -5p antagomirs efficiently decreased the stretch-increased endogenous let-7e-5p and miR-98 -5p levels, respectively, suggesting the specificity and efficacy of antagomirs. As expected, culture of pMB wt in differentiation medium for 5 days displayed the differentiation of most of the myoblasts into myotubes (Fig. 10B ). In agreement with our previous findings (6), stretching pMB wt in differentiation medium for 5 consecutive days reduced the formation of myotubes (Fig. 10C) . Interestingly, pMB wt transfected with both antagomirs or with miR-98 -5p alone, induced myoblast differentiation in the presence of stretch (Fig. 10C) , confirming that miR-98 -5p, but not let-7e-5p, regulates the stretch-induced inhibition of myoblast differentiation. These studies also suggest that although let-7e-5p and miR-98 -5p belong to the same family with almost identical sequences and synergistically up-regulated by stretch, their biological functions are distinct, at least in their roles in the myoblast differentiation program.
Discussion
In this study, we tested the hypothesis that the dysregulation of mechanomiRs in dystrophic skeletal muscle plays key role in the progression of disease. We conducted a comprehensive miRNA analysis on mechanically stretched and unstretched diaphragm muscles from WT and mdm mice using miRNA microarrays, followed by bioinformatics analyses to determine the predicted target genes of mechanomiRs and their biological pathways. The predicted mechanomiR target genes were validated by gain-of-function and loss-of-function studies. We found that mechanical stretch significantly altered miRNA expression profile in diaphragms from WT and mdm mice compared with unstretched diaphragms. Some of the mecha-nomiRs were previously identified as mechanosensitive miR-NAs in endothelial cells (27, 28) . Interestingly, although stretch altered (Ͼ 500 signal intensity) almost equal number of mecha-nomiRs between WT and mdm mice, number of highly expressed mechanomiRs (Ͼ2-fold) were more in mdm mice than those in WT mice. Among the highly expressed mecha-nomiRs (Ͼ 2.0-fold), let-7e-5p was the only mechanomiR found to be regulated in an opposite manner between WT and mdm mice. Our data provide experimental evidence that let-7e-5p targets the ECM genes Col1a1, Col1a2, Col3a1, Col24a1, Col127a1, Itga1, Itga4, Scd1, and Thbs1 as evidenced by realtime PCR and Western blot analyses, and gain-of-function and loss-of-function experiments. In addition, stretch up-regulated mechanomiR-98 -5p in diaphragm from WT mouse, but not in diaphragm from mdm mouse. We identified a novel role for miR-98 -5p as a negative regulator of myoblast differentiation program. Finally, we showed overactivation of TGF-␤1/SMAD signaling pathway in diaphragm from mdm mouse. These results provide the first experimental evidence that the dysregulation of mechanomiRs and their target gene regulatory networks in dystrophic skeletal muscle contributes, at least in part, to disease progression in MD, at least in the mdm mouse model of MD.
Controlled regulation of ECM proteins during skeletal muscle growth and repair is critical in providing a scaffold to build and structure new muscles. However, the excessive or uncontrolled deposition of ECM proteins leads to fibrosis, which progressively deteriorates locomotor capacity, posture mainte-FIGURE 5. Genome-wide mechanomiR-regulated predicted biological pathways in WT and mdm mice. A and B, Venn diagram shows number of mecha-nomiR-regulated biological pathways. Numbers outside the circles indicate the number of pathways regulated by mechanomiRs at signal intensity Ͼ500 (A) or Ն1.5-fold (B) in WT or mdm mice. Similarly, the numbers inside the circles indicate the total number of pathways regulated by mechanomiRs unique to WT or mdm mice or in both phenotypes. C and D, number of mechanomiRs regulated by LS and TS at Ն2.0-fold in WT or mdm mice or in both phenotypes (C) and their biological pathways (D). Numbers outside the circles indicate the number of pathways, and numbers inside the circles indicate the number of pathways unique to WT or mdm mice or in both phenotypes. The numbers in parentheses indicate the number of skeletal muscle-specific pathways. E and F, gene ontology of mechanomiR-regulated pathways in WT (E) and mdm (F) mice. Numbers outside and inside the parenthesis indicate the number of genes and mechanomiRs, respectively, associated with each pathway. nance, and the vital function of muscles (51, 55) . Fibrosis plays a negative role in the potential treatment of DMD because it alters muscle function, reduces the amount of target muscle available for therapy and repair, and considerably reduces the ability of proliferation and differentiation of implanted cells (56, 57) . It has been shown that dysregulated and/or disordered ECM proteins also contribute to disease progression in myopathies other than DMD (58, 59) . A better understanding of the mechanism that causes muscle fibrosis is important for improving muscle repair and restoring muscle function, which could lead to a potential treatment for DMD. In the present study, we uncovered let-7e-5p-controlled regulation of ECM proteins and demonstrated that dysregulation of let-7e-5p in mdm mouse could trigger muscle fibrosis. More precisely, we identified the ECM genes Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 as targets of let-7e-5p. The in vitro inhibition of let-7e-5p by its antagomir in pMB WT reversed the stretch-induced suppression of ECM gene expression. In contrast, overexpression of let-7e-5p in pMB mdm revoked the stretch-induced up-regulation of ECM gene expressions. These data confirmed Col1a1, Col1a2, Col3a1, Col24a1, Col27a1, Itga1, Itga4, Scd1, and Thbs1 as target genes of mechanomiR-let-7e-5p and support our hypothesis that dys- tors have shown that when compared with hindlimb muscle, diaphragm muscle from mdx mouse exhibits a high grade fibrosis (47) that recapitulates clinical signs of human DMD (60) . In DMD patients, endomysial fibrosis is the only myopathologic parameter that significantly correlates with poor motor outcome at the age of 10 years and at the time of ambulation loss (61) . Overall, we uncovered a mechanomiRmediated regulation of fibrosis in dystrophic skeletal muscle in which suppression of let-7e-5p contributed to the inhibition of proteins that trigger fibrosis in diaphragm from mdm mouse. However, further studies are warranted to explore the role of mechanomiRs other than let-7e-5p in regulating fibrosis in dystrophic skeletal muscles.
TGF-␤1 is a multifunctional cytokine that plays major roles in many biological pathways including the initiation of fibrosis (49 -51) . Enhanced TGF-␤1 expression has been shown in humans who suffer from MD (51, 62, 63) and mouse models of MDs (48, 50, 64, 65) . In line with these findings, in the present study, we observed elevated levels of TGF-␤1 in diaphragm muscle from mdm mouse. In general, the binding of TGF-␤1 to type II receptors and recruitment of type I receptors (ALK4, ALK5, and ALK7) specifically phosphorylate SMAD2 and SMAD3, which produce a nuclear accumulation of active SMAD complexes with SMAD4 that directly regulate gene transcription in conjunction with transcription factors (66) . Besides TGF-␤1, in the present study, we also observed an increased phosphorylation of SMAD2 and SMAD3 in diaphragm muscle from mdm mouse in response to stretch. In contrast, stretch decreased the phosphorylation of SMAD2 and SMAD3 in diaphragm from WT mouse. These results suggest that the TGF-␤1 signaling pathway is mechanosensitive and is dysregulated in diaphragm muscle from mdm mouse in response to stretch. In agreement with the present study, a previous study has shown that mice in which muscle lacking the dystrophinassociated protein ␥-sarcoglycan (Sgcg null) were subjected to a lengthening protocol to produce maximal muscle injury, which then produced a rapid accumulation of nuclear phosphorylated SMAD2/3 (67) .
Interestingly, the TGF-␤1 receptor antagonist suramin attenuates fibrosis in the diaphragm, tibialis anterior, and biceps brachii muscles (47) , suggesting that inhibition of the TGF-␤1 signaling pathway may be a useful potential alternative therapy for the treatment of DMD. In the present study, we showed that mechanomiRs from WT and mdm mice potentially target the genes that are involved in the TGF-␤1 signaling pathway (Fig. 6, A, C, and D) . Interestingly, many of the predicted genes in the TGF-␤1 signaling pathway are potentially targeted by mechanomiRs including let-7e-5p and miR-98, which were up-regulated in diaphragm from WT mouse. In contrast, the majority of the mechanomiRs that were downregulated in diaphragm from mdm mouse appears to target most of the predicted genes in the TGF-␤1 signaling pathway. In addition, the loss of mechanosensitivity to miR-98 in diaphragm from mdm mouse, along with the observation that miR-98 potentially targets most of the predicted TGF-␤1 signaling pathway genes, provides a rationale that supports the possibility of activation of TGF-␤1 pathway in mdm mice. Overall, patients with MD and animal models of MD, including the mdm mouse model, confirm the integral role of TGF-␤1 and SMAD signaling in the progression and severity of muscle disease. Further studies are under way in our laboratory to identify the mechanomiR that targets TGF-␤1 signaling and that may be beneficial for treating MD.
The let-7 family miRNAs were one of the first miRNAs identified in Caenorhabditis elegans (68) and later were found to be OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41
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conserved across species including mouse and human (69) . In the mouse and human, the let-7 family is composed of 10 members (let-7a, -7b, -7c,-7d, -7e, -7f, -7g, and -7i, miR-98, and -202), as recognized by an identical "seed" sequence across those two species (70) . Interestingly, all let-7 family members, except miR-202, are mechanomiRs; particularly let-7e-5p (3.27-fold) and miR-98 -5p (2.73-fold) were significantly elevated in response to stretch in WT mice. Although the levels of other let-7 family members (let-7a-5p, -7b-5p, -7c-5p,-7d-5p, and -7f-5p) were between 1.5-and 1.7-fold, their signal intensities in response to stretch were very high (Ͼ11,000) in the miRNA array. These results indicate that the let-7 family members are highly regulated mechanomiRs, especially in the diaphragm muscle. Surprisingly, diaphragm muscle from mdm mouse displayed down-regulation of the let-7 family members let-7a-5p, -7b-5p, -7c-5p,-7d-5p, -7e-5p, -7f-5p, -7g-5p, and -7i-5p, and especially let-7e-5p, -7f-5p, and -7g-5p, by more than 1.5-fold, indicating dysregulation of the let-7 family of mechanomiRs in dystrophic skeletal muscle. In line with our observation, other investigators have shown that regulation of let-7 is associated with aging and cancer progression. For example, skeletal muscles from elderly people display an elevated levels of let-7b and -7e when compared with that from younger people, and the most highly ranked cellular processes likely to be regulated by let-7b and let-7e miRNAs are associated with cell cycle regulation and cellular growth and proliferation (71) . Another study has shown that the primary role of let-7 members is the possession of a conserved function as a tumor suppressor, and therefore they are able to down-regulate the expression of genes associated with cell proliferation, thereby promoting differentiation of human and mouse neuronal stem cells (20) . A recent study has identified PABP2 (poly(A)-binding protein) as a genetic interaction partner of the let-7 miRNA (72); the phenotypes associated with human PABP2 mutation in oculopharyngeal MD (a late-onset, progressive disease) seem to affect selectively only muscle cells (73) . These studies suggest that the elevated levels of let-7b and let-7e miRNAs in the skeletal muscle of elderly people may contribute to their attenuated skeletal muscle regenerative capacity (74) . Taken together, our current findings suggest that the down-regulation of let-7 members, especially let-7e-5p and miR-98-5p in mdm mouse, may compromise the ability of these mechanomiRs to increase satellite cell proliferation to improve skeletal muscle regenerative capacity. Furthermore, we have demonstrated previously that mechanical stretch inhibits differentiation and promotes the proliferation of C2C12 myoblasts (6) , suggesting that the differentially regulated mechanomiR(s) in diaphragm muscle may regulate myogenesis. To explore this possibility, we transfected pMB WT with the antagomir of let-7e-5p and/or miR-98 and cultured them in differentiation medium with a 1-h stretch for 5 consecutive days. We found that miR-98 -5p, but not miR-7e-5p, promoted myoblast differentiation by revoking the inhibitory effect of stretch on differentiation, suggesting a role for mechanomiR-98 in differentiation. In agreement with our study, a previous study has shown that inhibition of miR-98 increases both human (LHCN-M2) and C2C12 myoblast differentiation by directly altering the expression of the transcription factor E2F5, which in turn directly down-regulates the differentiation inhibitors HMOX1 and ID1 (75) . Further studies are warranted to confirm the role of other mechanomiRs in myogenesis.
Biaxial loading, in which muscle fibers experience both transverse and longitudinal loads during each respiratory cycle, is the most obvious feature of the mechanical environment of the diaphragm (76) . In this study, we applied mechanical stress in either the longitudinal or transverse direction to the muscle fibers, with the magnitude of the mechanical stress along the muscle fibers being essentially the same as that applied in the transverse direction to the muscle fibers. Stress-strain relationship data from our previous studies of the diaphragm clearly demonstrate that muscle compliance is small and extensibility FIGURE 8. In vitro experimental validation of let-7e-5p target genes. A, pMB wt were transfected with let-7e-5p antagomir either in the presence or absence of stretch, and let-7e-5p target gene mRNA levels were determined by real-time PCR. B, pMB mdm were transfected with let-7e-5p overexpression construct and subjected to stretch, or no stretch, and let-7e-5p target gene mRNA levels were determined by real-time PCR. C, the protein levels of let-7e-5p target genes were determined by Western blot using cell lysate isolated from the unstretched (C, control) or stretched (ST) diaphragm of WT or mdm mouse. GAPDH was used as a loading control. Gel pictures are representative of four independent experiments. Each bar represents mean Ϯ S.E. (n ϭ 4). *, p Ͻ 0.05, versus NC (negative control); ␦, p Ͻ 0.05 versus NC ϩ ST.
is reduced in the transverse direction when compared with the longitudinal direction of the muscle fibers (15, 33, 54) . In addition, muscle stiffness, a measure of the resistance to mechanical stretch, is greater in the transverse direction of the muscle fibers than in the direction of the fibers (33) . In agreement with these studies, data from the present study show that TS differentially regulated a higher number of mechanomiRs (Ͼ1.5fold) compared with LS in the WT mouse (Table 3 and Fig. 1E ), suggesting that the mechanosensing ability of the WT mouse diaphragm was greater in the transverse direction due to greater transverse muscle stiffness compared with longitudinal stiffness. In contrast, diaphragm muscle from mdm mouse showed no difference in the number of mechanomiRs between LS and TS ( Table 7 and Fig. 2E ). However, the number of mechanomiRs that were commonly regulated in response to LS or TS were higher in mdm mouse than WT mouse. This suggests that diaphragm muscle from the mdm mouse senses greater stiffness in response to longitudinal or transverse directional stretch than diaphragm from agematched WT mouse as shown previously (13) . These data also suggest that the specificity in the mechanosensing ability of the mdm mouse diaphragm might be modified due to its dystrophic character. Further studies will be necessary to explore the mechanism by which mechanotransduction is altered in dystrophic skeletal muscle, especially in the diaphragm.
Finally, we performed a comparative analysis between differentially regulated mechanomiRs in mdm mouse and previously identified miRNAs (Ͼ1.5-fold) in mdx mouse skeletal muscle. In the present study, WT and mdm mice diaphragms showed up-regulation of the mechanomiRs in let-7a-5p, miR-22-3p, and miR-30e-5p, whereas mdx mouse diaphragm showed a down-regulation of these mechanomiRs (Fig. 6E) . Similarly, the down-regulated mechanomiRs in miR-21a-5p, miR-127-3p, miR-206 -3p, miR-335-5p, and miR-379 -5p in WT and mdm mice were up-regulated in mdx mouse skeletal muscle (44) . 
